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Non-geographic morphometric variation, particularly at the level of sexual dimorphism and ontogenetic (age-
related) variation, has been documented in rodents, and useful for establishing whether to analyse sexes separately or
together, and for selecting adult specimens for subsequent data recording and analysis. However, such studies have
largely been based on traditional morphometric analyses of linear measurements that mainly focus on overall size,
rather than shape-related morphometric variation. Unit-free, landmark/outline-based geometric morphometric
analyses are considered to offer a more appropriate tool for assessing shape-related morphometric variation. In this
study, we used geometric cranial morphometric analysis to assess the nature and extent of sexual dimorphism and age
variation within the Tete veld rat, Aethomys ineptus (Thomas and Wroughton, 1908) from southern Africa and the
African Nile rat, Arvicanthis niloticus (Desmarest, 1822) from Sudan. The results obtained were in turn compared with
previously published results based on independent geometric and traditional cranial morphometric data from the same
sampled populations examined in the present study. While our geometric morphometric results detected statistically
significant sexual dimorphism in cranial shape within Ar. niloticus only, previously published results based on
traditional morphometric data failed to detect significant sexual dimorphism within this species. However, similar to
previously published traditional morphometric data, our geometric morphometric results detected statistically
significant age-related variation in cranial shape and size within both Ae. ineptus and Ar. niloticus, with individuals of
age classes 5 and 6 being considered to represent adult specimens. Our results highlight the importance of carefully
evaluating both size- and shape-related non-geographic morphometric variation prior to the analysis of geographicatter r 2008 Deutsche Gesellschaft für Säugetierkunde. Published by Elsevier GmbH. All rights reserved.
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E.H. Abdel-Rahman et al. / Mamm. biol. 74 (2009) 361–373362variation and the delineation of species. Erroneous conclusions of non-geographic variation may have implications in
the interpretation of geographic and evolutionary processes that may be responsible for morphological differences at
both the inter- and intra-specific levels.
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The study of non-geographic variation in organisms
has attracted the interest of biologists since Darwin
(1859, 1874). Several authors (Thorpe 1976; Patton and
Rogers 1983; Mayr and Ashlock 1991) consider non-
geographic variation as a function of differences in sex,
age, season, cohort, and individuals within populations.
In studies of small mammals in general and rodents in
particular, sample sizes are often too small to allow for
the assessment of non-geographic variation at the
seasonal, cohort, and/or individual levels. Conse-
quently, most analyses of non-geographic variation in
small mammals are only examined at the level of sexual
dimorphism and age variation (for a recent review see
Abdel-Rahman 2005).
There are several sources of phenotypic variation
within a species, such as sexual dimorphism and
ontogenetic (age-related) variation (Weckerly 1998).
Failure to eliminate the non-geographic sources of
variation can confuse the assessment of the similarity/
dissimilarity between populations. Consequently, the
careful assessment of non-geographic variation in small
mammals is fundamental prior to any morphometric
analysis of geographic variation and the delineation of
taxa (Thorpe 1976; Yu and Lin 1999; Schulte-Hostedde
et al. 2001; Taylor et al. 2005).
In the present study, we use unit-free, landmark/
outline-based geometric morphometric analyses that are
considered to be more appropriate in assessing shape-
related morphometric variation than linear measurement-
based traditional morphometric analysis (Monteiro
et al. 2003) to assess the nature and extent of sexual
dimorphism and ontogenetic (age-related) variation in
the Tete veld rat, Aethomys ineptus (Thomas and
Wroughton, 1908) from southern Africa, and the
African Nile rat, Arvicanthis niloticus (Desmarest,
1822) from Sudan. Aethomys ineptus occurs in north-
eastern South Africa, and the area south of about 251S,
with its southern limit approximately south of Durban,
KwaZulu-Natal Province (301030S) (Linzey et al. 2003),
while Ar. niloticus is widespread in East, Central and
West Africa, the Nile Valley, and in the Horn of Africa
(Musser and Carleton 2005).
To date, there is no single analysis of non-geographic
variation within Ae. ineptus based on geometric mor-phometric analysis. The only published study (Chimimba
and Dippenaar 1994) was based on traditional
morphometric data. Fadda and Corti (1998), on other
hand, used geometric morphometric data to assess
geographic variation in Ar. niloticus and A. cf.
testicularis from the Nile Valley in Sudan and Egypt.
These analyses led Fadda and Corti (1998) to recognize
Ar. niloticus and Ar. testicularis from the Nile Valley as
two valid species, with the conclusion that the former is
larger in size than the latter species.
However, subsequent analyses by Abdel-Rahman
(2005) based on traditional morphometric as well as
genetic data strongly suggested that Arvicanthis from
the Nile Valley is represented by a single species only,
Ar. niloticus. This conclusion is supported by Musser
and Carleton (2005) who suggested that Ar. niloticus
from this region may represent a single polymorphic
species. Consequently, Abdel-Rahman (2005) argued
that Fadda and Corti’s (1998) taxonomic conclusions
may have been influenced by potentially erroneous
conclusions that emanated from their initial analysis of
sexual dimorphism and age-related variation.
To this end, the results in the present study are in turn
compared with independent previously published tradi-
tional and/or geometric morphometric data on Ae. ineptus
(Chimimba and Dippenaar 1994) and Ar. niloticus (Fadda
and Corti 1998; Abdel-Rahman 2005) from the same
sampled geographic regions of the geometric morpho-
metric data examined in the present study. Apart from this
comparison and in using Ae. ineptus and Ar. niloticus as a
case study to gain an understanding of the nature and
extent of sexual dimorphism and age-related variation in
murid rodents, our study may also allow an insight into
factors that may influence adaptive phenotypic variation
in rodents from geographically, climatically, and ecologi-
cally disparate habitats.Materials and methods
Specimens examined
The present analyses of sexual dimorphism and age-related
variation are based on 139 museum voucher specimens of
Ae. ineptus from southern Africa and 104 specimens of
Ar. niloticus from Sudan. All specimens examined are in the
mammal research collections of the Transvaal Museum (TM) of
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Durban Natural Science Museum (DM), Durban, South Africa.
Due to sample size limitations from single localities in both
species, specimens from ecologically similar and geographi-
cally close localities were pooled to allow meaningful
morphometric analyses of sexual dimorphism and age-related
variation (see Chimimba and Dippenaar 1994). Consequently,
the analysis of sexual dimorphism and age-related variation in
Ae. ineptus and Ar. niloticus were based on specimens from the
Savanna biome in Kwa-Zulu-Natal Province, South Africa
and semi-desert populations in Sudan (Table 1), respectively.
Nevertheless, preliminary multivariate analyses of variance
(MANOVA; Zar 1996) were first undertaken (not illustrated)
in order to ensure that no discernible geographic variation
occurred between the pooled localities.Table 1. Sampled localities of Tete veld rats, Aethomys ineptus from
and the African Nile rat, Arvicanthis niloticus from Sudan (semi-des
Aethomys ineptus:
Black Umfolozi Bridge, South bank, Nongoma-Mhlabatini road, N
22348, 22375, 22356)
Bumbeni (271480S–321180E): One female (TM 12373). Dukuduku Fo
40393, 40383) and 2 females (TM 40355, 40384)
Empangeni ( ¼ Empangweni) (281460S–311540E): 2 males (TM 2230
Enseleni N.R., 24 km N. of Empangeni (281410S–321000E): one mal
Futululu (281250S–321160E): One male (DM 1013)
Gwalweni 15 MI S Ngwvavuma (271230S–321030E): 2 males (TM 22
Hluhluwe Game Reserve, Research Camp (281160S–311440E): 10 mal
DM 1393) and 9 females (TM 35413, 35913, 44369, 44371, 44373, 4
Hluhluwe River, 4 mi E on main road to Mtubatuba (281020S–3212
22355) and one female (22307)
Ingwaruma ( ¼ Ingwarum) Bush, Otobokwim ( ¼ Otobokim, Otob
7198) and 4 females (TM 7206, 7208, 7205, DM 7199)
Itala Nature Reserve, Ranger’s House, Pongola /Zinave Rivers Con
and 5 females (TM 25875, 25883, 25884, 25885, 25906)
Krantzkloof north road (291490S–301500E): 6 males (DM 787, 788,
1258, 1273, 1280)
Lake Amanzamyama, Kosi Bay (271020S–321500E): One female (DM
Lake Sibaya Reserve Station (271260S–321430E): 2 males (TM 25748
Lake Street Lucia Eastern Shores (281200S–321240E): one male (DM
Lucia Village on Cape Vidal Road, 12 km N. of street, Zululand (28
080, 1081)
Malvern (291530S–301560E): One male (TM 469)
Manaba, NE Zululand (271150S–321260E): one male (TM 6131) and
Mapelane (281250S–321250E): One male (DM 1010) and 2 females (D
Mfongozi ( ¼Mfongosi), Zululand (281430S–301480E): one male (D
Mkusi ( ¼Mkusi) River, Ubombo, Zululand (271530S–321290E): 3 m
5636, 5635)
Mkusi bridge (271000S–321000E): One male (TM 5444)
Mkuzi ( ¼Mkusi) Fig Forest, Zululand (271400S–321190E): 4 males
Mkuzi ( ¼Mkusi) Game Reserve, Caravan park, Zululand (271370S
33348, TM 35269)
Nagle Dam (291350S–301370E): one male (DM 1867) and 3 females
Ngoye forest, Zululand (281500S–311420E): One male (TM 41907) a
Pongola River, Ubmobo (271400S–321050E): one male (TM 5443) an
Quixotic from 14 miles mkuzi on fm rd (271370S–321020E): One maSpecies identification
The identification of Ar. niloticus was based on the
identification key of Delany (1975) and the genetic data of
Abdel-Rahman (2005) while that of Ae. ineptus was based on
the geographic distributional limits in South Africa delineated
by Linzey et al. (2003) based on positively identified specimens
using cytogenetic, allozyme, mitochondrial DNA (mtDNA)
cytochrome b (cyt b), and sperm morphological data. Most of
the specimens in our study formed part of the samples
analysed by previous traditional morphometric analyses of
Ar. niloticus by Abdel-Rahman (2005) and Ae. ineptus by
Chimimba and Dippenaar (1994), and the results of which will
allow a direct comparison with results in the present geometric
morphometric analyses.southern Africa (Savanna biome in Kwa-Zulu-Natal Province)
ert biome) examined in the present study
ongoma District (281030S–311320E): 4 females (TM 22342,
rest, 6 km NNE, Mtubatuba (281220S–321240E): 2 males (TM
0, 22311) and one female (TM 22340)
e (DM 2505) and one female (DM 2503)
351, 22363)
es (TM 35412, 35546, 35549, 35553, 35554, 44370, 4374, 44389,
4375, 44380, DM 1859, 1388, 1395)
20E): 7 males (TM 22304, 22305, 22344, 22345, 22347, 22354,
itini), Zululand (271150S–321070E): 3 males (TM 7202, 7209,
fluence (261520S–321210E): 3 males (TM 25894, 25879, 25881)
789, 1266, 1275, 1276) and 7 females (DM 868, 870, 880, 881,
925)
, 25701)
24383) and one female (TM 25425)
1160S–321280E): 2 males (DM 1069, 1066) and 2 females (DM
3 females (TM 6132, 6133, 6130)
M 1011, 1012)
M 216) and 2 females (DM 217, 476)
ales (TM 5637, 5638, DM 1367) and 4 females (TM 5634, 5633,
(TM 7855, 7862, 7903, 7997) and 2 females (DM 7853, 7861)
–321130E): 2 males (DM 961, TM 35268) and 2 females (DM
(DM 1869, 1870, 1871)
nd one female (TM 41908)
d one female (TM 25876)
le (TM 22339)
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Table 1. (continued )
Tete Pan, Lake Simbu, Ubombo, Tongaland (271340S–321030E): 5 males (DM 5640, 5641, TM 22318, 22343, 22350) and 4 females
(TM 22341, 22349, 22353, DM 5639)
Umfolosi ( ¼ Umfolozi) (281270S–321100E): 7 females (DM 239, 242, 248, 503, 505, TM 10321, 41908)
Umlalazi Nature Reserve (281560S–311460E): 4 males (TM 33189, 33358 and DM 3531, 3532) and one female (DM 3533)
Arvicanthis niloticus:
Khartoum (151400N–321350E): 29 males (DM 8964, 8966, 8969, 8972-8978, 8981, 8987, 8989, 8990, 8994, 8995, 8998, 8999, 9002,
9006, 9007, 9010, 9013, 9014, 9016, 9018, 9020, 9039 and 9040) and 33 females (DM 8965, 8967, 8968, 8970, 8971, 8979, 8980, 8982,
8983, 8985, 8986, 8988, 8996, 8997, 9000, 9003–9005, 9008, 9009, 9011, 9012, 9015, 9019, 9021 9023, 9041, 9042, 9061-9064)
Sabaloga (171340N–331260E): 14 males (DM 8984, 8993, 9001, 9043, 9046, and 9047, 9049-9052 and 9055-9058) and 10 females (DM
8991, 8992, 9017, 9044, 9045, 9048, 9053, 9054, 9059 and 9060)
Shendi (161420N–331290E): 11 males (DM 9024, 9025, 9027-9029, 9031-9034, 9065 and 9066) and 7 females (Dm 9026, 9030, 9032,
9035-9037)
TM and DM denote the Transvaal Museum of the Northern Flagship Institute (NFI), Pretoria, South Africa, and the Durban Science Museum,
Durban, South Africa, respectively.
E.H. Abdel-Rahman et al. / Mamm. biol. 74 (2009) 361–373364Ageing of specimens
Ageing of specimens of Ae. ineptus and Ar. niloticus
was based on the degree of maxillary molar eruption and
wear previously defined and illustrated by Chimimba and
Dippenaar (1994) and Abdel-Rahman (2005), respectively.
While Chimimba and Dippenaar (1994) defined seven tooth-
wear classes in Ae. ineptus, the present analysis was based on
six tooth-wear classes because sample size limitations pre-
cluded the inclusion of individuals of the tooth-wear class 7.
Similarly, Abdel-Rahman (2005) defined six tooth-wear classes
in Ar. niloticus, and the present analysis was based on four
tooth-wear classes due to sample size limitations for indivi-
duals of the tooth-wear classes 1 and 2.Fig. 1. Positions of the 28 landmarks on the ventral and dorsal
views of the cranium used in the present study to assess sexualImage-capturing and landmark digitizing
Image-capturing of geometric morphometric data was
performed using a Sony Mavica FD7 digital camera (Sony
Electronics, San Diego, USA) and focused on the dorsal and
ventral views of the cranium. In setting up the digital camera,
care was taken to mount it firmly in place, perfectly balanced
and attached to a tripod stand and set at maximum zoom and
at a fixed distance (50 cm) from the specimen. In order to
standardize the image-capturing process, each specimen was
placed on the same marked graph paper, with all images
captured by one observer (EHA-R). TPS-Dig program (Rohlf
2004) was used to digitize and save 14 landmarks for each view
of the cranium (i.e., dorsal and ventral; Fig. 1).dimorphism and age-related variation in the Tete veld rat,
Aethomys ineptus from southern Africa and the African Nile
rat, Arvicanthis niloticus from Sudan.
Testing for image-capturing precision, and landmark
digitizing error
The unequal magnification and inaccuracies in landmark
digitizing placement on captured images may lead to error
because they may distort the apparent shape of the cranium
views due to the potential effects of camera parallax and
landmark digitizing error. To assess these potential problems,
all the individuals from three samples and repeated images
were digitized multiple times by one observer (EHA-R). The
images were captured from the same sex (male), age class(tooth-wear class 4), and population (Durban, South Africa
for Ae. ineptus and Khartoum, Sudan for Ar. niloticus).
The within-sample error was quantified as a percent
measurement error (%ME) following Bailey and Byrnes
(1990). A one-way analysis of variance (ANOVA) was
performed on the Procrustes residuals to partition shape-
variance into within- and between-individual components. The
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where s2within represents the within-mean square effect (or the
within-specimen variance) and s2among represents the among-
mean square effect (or the among-specimen variance).
Geometric morphometric analysis
Shape variation
All geometric morphometric data for Ae. ineptus and
Ar. niloticus were analysed independently in the present study.
In order to compare Procrustes to tangent space distances
between individuals, Generalized Procrustes Analysis (GPA)
superimpositions (equivalent to generalized least squares
(GLS) procedure of Rohlf and Slice 1990) were performed
on each data set using TPS-Small (Rohlf 2003).
Sexual dimorphism
Relative warps analysis (RW; Rohlf 2004), a multivariate
analysis of variance (MANOVA; Zar 1996) and discriminant
function analysis (DA; Sneath and Sokal 1973) were used to
assess shape variation between male and female individuals in
Ae. ineptus (males: n ¼ 20; females: n ¼ 20) and Ar. niloticus
(males: n ¼ 25; females: n ¼ 20). All specimens were from the
same age class (age class 4). Analyses were repeated for the
dorsal and ventral views. RW analysis is essentially a principal
components analysis (PCA) of the covariance matrix of the
total shape matrix. Furthermore, MANOVAs (Tps-Reg, Rohlf
2004c) and discriminant analyses (NTSYS-pc; Rohlf 1996)
were used to regress total shape against the sexes and to test
for shape variation between sexes, respectively.
Size was estimated as centroid size, defined as the square
root of the sum of squares of the distances of each landmark
from the centroid (Bookstein 1986). Tps-Regr (Rohlf 2004)
was used to compute centroid sizes to test for size differences
(univariate t-tests; Zar 1996) between males and females within
Ae. ineptus and Ar. niloticus independently.
Age classes
Since our results (see later) showed the absence of sexual
dimorphism in Ae. ineptus, our analysis of age variation in this
species was based on pooled sexes. Conversely, since our
results (see later) revealed the presence of sexual dimorphism
in Ar. niloticus, our assessment of age variation in this species
was based on the analysis of males and females separately. RW
was used to independently assess age-related shape variation
for the dornal and ventral views of the cranium of all
specimens of tooth-wear classes 1–6 in Ae. ineptus from the
pooled South African savanna localities and specimens of
tooth-wear classes 3–6 in Ar. niloticus from the pooled
Sudanese semi-desert localities that were available for analysis.
To test for age-related shape variation within each species,
the total shape matrix (Tps-Relw, Rohlf 2004c) was subjected
to a canonical variates analysis (CVA; Krzanowski 1988) using
NTSYS-pc (Rohlf 1996). To visualize shape changes in the
form of thin plate splines along canonical variates axes, the
axes were regressed back onto the partial weight matrix using
Tps-Regr (2004). Data on centroid sizes between age classes
were subjected to ANOVA (Zar 1996) to test for statisticallysignificant age-related size variation. Where statistically
significant differences were detected, maximally non-significant
subsets were derived by the a posteriori Student–Newman–
Keuls (SNK) post hoc test procedure (Sokal and Rohlf 1981)
using ranked centroid size means of tooth-wear classes.
In addition, shape variation occurring during ontogeny was
estimated by multivariate regression analysis (Zar 1996;
Monteiro et al. 1999) of partial warps (i.e., total shape matrix)
on centroid size and age categories. Since our results (see later)
revealed the absence of sexual dimorphism in size (i.e., centroid
size) in Ar. niloticus, our assessment of ontogenetic centroid size
variation in this species was based on pooled sexes.Results
Image-capturing device precision and digitizing error
The %ME results of the three replicates of image sets
of Ae. ineptus to assess the degree of image-capturing
device precision were 2.9% for the dorsal view and 2.3%
for the ventral view, while those for Ar. niloticus were
3.2% for the dorsal view, and 3.5% for the ventral view.
The %ME results of the 10 replicates of image sets of
Ae. ineptus to assess digitizing error were 3.7% for the
dorsal view and 3.9% for the ventral views, while those
for Ar. niloticus were 3.8% for the dorsal view, and
3.3% for the ventral views. This indicates that o4% of
the within-population variation is due to image-captur-
ing process and digitizing error independently, and
496% is due to actual among-individual differences.
Measurement error of less than 15% is considered to
be within the reliable variable range for establishing
biological trends (Bailey and Byrnes 1990; Polly 2001).
Our results indicate that between-sample differences are
much greater than the within-sample variances such that
measurement error due to image-capturing device
precision and digitizing error is unlikely to constrain
the results of all subsequent statistical analyses in the
present study.
Shape variation
The approximation of shape space by tangent space
was very close for both the dorsal and ventral views of
the cranium in both Ae. ineptus and Ar. niloticus, with
all correlations (r) being 0.99. The high degree of
approximation of shapes in the sample ( ¼ shape space)
by the reference shape ( ¼ tangent space) allowed an
accurate capturing of the nature and extent of shape
deformations in subsequent statistical analyses.
Sexual dimorphism
RW scatterplots and their associated thin plate
splines for sexual dimorphism in Ae. ineptus are shown
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Fig. 2. Scatterplots of relative warps (RW) axes I and II from a Relative Warp Analysis (RWA) and their associated thin plate
splines of the different views of the cranium in the Tete veld rat, Aethomys ineptus used to assess sexual dimorphism. Thin plate
splines are presented at 3 magnification while landmark positions are defined and illustrated in Fig. 1.
E.H. Abdel-Rahman et al. / Mamm. biol. 74 (2009) 361–373366in Fig. 2. Based on the scatterplots of RW axes I and II
of the different views, there was no evidence of sexual
shape dimorphism within Ae. ineptus. Consequently, the
thin plate splines of the different views of the cranium of
Ae. ineptus fail to show shape differences between males
and females (Fig. 2). This was confirmed by MANOVA
and DA results that showed no statistically significant
shape differences between the sexes in both the dorsal
(MANOVA: Wilk’s l ¼ 0.605, P ¼ 0.851; DA: Wilk’s
l ¼ 0.369, P ¼ 0.682) and ventral (MANOVA: Wilk’s
l ¼ 0.464, P ¼ 0.422; DA: Wilk’s l ¼ 0.596, P ¼ 0.895)
views of the cranium. In addition, t-tests showed no
statistically significant centroid size differences between
the sexes in both the dorsal (t ¼ 0.072; P ¼ 0.943) and
ventral (t ¼ 0.206; P ¼ 0.837) views. The absence of
statistically significant sexual dimorphism in cranial
shape and size justified the pooling of the sexes in all
subsequent analyses within Ae. ineptus.
Based on the scatterplots of RW axes I and II of the
dorsal and ventral views of the cranium for Ar. niloticus(Fig. 3), there was evidence of the presence of sexual
shape dimorphism within Ar. niloticus. The males of
Ar. niloticus have a shorter rostrum, a forward-angled
and a long zygomatic arch, and narrower braincase,
while females have a longer rostrum, a smooth and short
zygomatic arch, and wider braincase. This was con-
firmed by MANOVA and DA results that showed
statistically significant cranial shape differences between
the sexes in both the dorsal (MANOVA: Wilk’s
l ¼ 0.198, P ¼ 0.003; DA: Wilk’s l ¼ 0.002; P ¼ 0.00)
and ventral (MANOVA: Wilk’s l ¼ 0.095, P ¼ 0.004;
DA: Wilk’s l ¼ 0.003; P ¼ 0.00) views of the cranium.
T-tests showed no statistically significant centroid size
differences between the sexes in both the dorsal
(t ¼ 0.471; P ¼ 0.320) and ventral (t ¼ 0.069;
P ¼ 0.473) views of the cranium. Consequently, the
presence of statistically significant shape (rather than
centroid size) differences justified the separate analyses
of males and females in all subsequent analyses within
Ar. niloticus.
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Fig. 3. Scatterplots of relative warps (RW) axes I and II from a Relative Warp Analysis (RWA) and their associated thin plate
splines of the different views of the cranium in the African Nile rat, Arvicanthis niloticus used to assess sexual dimorphism. Thin
plate splines are present at 3 magnification while landmark positions are defined and illustrated in Fig. 1.
E.H. Abdel-Rahman et al. / Mamm. biol. 74 (2009) 361–373 367Age classes
The results of the CVA and their associated thin plate
splines used to assess age variation within Ae. ineptus
and Ar. niloticus are best exemplified by the dorsal
views of the cranium (Figs. 4 and 5, respectively). The
CVA of Ae. ineptus based on the weight matrix of
the geometric morphometric data, showed statisti-
cally significant shape differences between age classes
in the dorsal (Wilk’s l ¼ 0.018 and Po0.001; Fig. 4)
and ventral (Wilk’s l ¼ 0.022 and Po0.001; not
illustrated) views of the cranium on both CVA axes I
and II.
Individuals of tooth-wear classes 1 and 2 were
separated from all other tooth-wear classes, while
tooth-wear classes 3 and 4 as well as 5 and 6 showed
slight overlaps (Fig. 4), a trend that was also apparent inthe ventral view of the cranium (not illustrated). The
first five canonical variates computed on the weight
matrix expressed 98.1% and 95.5% of the total variance
in the dorsal and ventral views of the cranium,
respectively, with 100% of the individuals correctly
assigned to their own age group.
A subsequent SNK post hoc test procedure grouped
individuals of tooth-wear classes 3 and 4 as well as
tooth-wear classes 5 and 6 in the same statistically non-
significant (P40.05) subsets with reference to centroid
size differences in both the dorsal (F ¼ 92.41; Po0.001)
and the ventral (F ¼ 90.74; Po0.001) views of the
cranium. In addition, a regression of the shape (weight
matrix) against centroid size showed evidence of
allometry in the dorsal (Wilk’s l ¼ 0.002; P ¼ 0.00)
and ventral views (Wilk’s l ¼ 0.014; Po0.001) of the
cranium of Ae. ineptus.
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Fig. 4. Scatterplots of a canonical variates analysis (CVA) and
their associated splines of the dorsal view of the cranium of the
Tete veld rat, Aethomys ineptus used to assess the nature and
extent of age variation in six tooth-wear classes (1–6) in pooled
males and females data. Thin plate splines are presented at 3
magnification while landmark positions are defined and
illustrated in Fig. 1.
E.H. Abdel-Rahman et al. / Mamm. biol. 74 (2009) 361–373368The localized changes in shape (Fig. 4) showed that
variation in age classes 1 and 2 is associated with the
anterior and posterior displacement of landmarks 1 (on
the anterior-most tip of the nasals) and 11 (on the
anterior-most internal point on curvature of the zygo-
matic arch) resulting in the elongation of the nasals and
the rostrum. The localized changes in age classes 3 and 4
are associated with: (a) the posterior displacement of
landmarks 2 and 6 (on the outer-most projection of the
occipital bone), and the lateral and backward shifting of
landmarks 7 and 8 (on the posterior margin of the
zygomatic bar at the squamosal process) resulting in an
elongation of the zygomatic arch and a narrow brain-
case; and (b) the posterior displacement of landmark 3
(on the mid-line intersection between the frontals and
parietals) resulting in the elongation of the frontal
region of the cranium. The localized changes in age
classes 5 and 6 are associated with the posterior
displacement of landmark 11 and the anterior displace-
ment of landmarks 2, 7, and 8 resulting in a shortzygomatic arch, elongation of the frontal regions,
relatively short nasals, and wide braincase. The brain-
case region did not seem to change in shape but rather
increased or decreased in relative size, suggesting a high
degree of integration of its composite elements.
The independent CVAs of the different sexes of
Ar. niloticus based on the weight matrix of the geometric
morphometric data showed statistically significant shape
differences between age classes in the dorsal views
(males: Wilk’s l ¼ 0.003; Po0.001; females: Wilk’s
l ¼ 0.026; Po0.05; Fig. 5) on both CVA axes I and
II. This pattern of age variation was also apparent in the
ventral view of the cranium of both males (Wilks’
l ¼ 0.008; Po0.05) and females (Wilk’s l ¼ 0.019;
Po0.05; not illustrated) on both CVA axes I and II.
While individuals of tooth-wear classes 1 and 2 were not
available for analysis, individuals of tooth-wear class 3
were separated from those of tooth-wear classes 4–6,
while those of tooth-wear classes 5 and 6 showed slight
overlaps.
The first three canonical variates computed on the
weight matrix of males expressed 93.29% and 95.89% of
the total variance for the dorsal and ventral views of the
cranium, respectively, with 100% of the individuals
being correctly assigned to their own age group.
Similarly, the first three canonical variates computed
on the weight matrix of females expressed 93.0% and
92.5% of the total variance for the dorsal and ventral
views of the cranium, respectively, with 100% of the
individuals being correctly assigned to their own age
group.
A subsequent SNK post hoc test procedure grouped
individuals of tooth-wear classes 5 and 6 in the same
statistically non-significant (P40.05) subset with refer-
ence to centroid size differences in both males (dorsal
view: F ¼ 20.17; Po0.001; ventral view: F ¼ 9.76;
Po0.001) and females (dorsal view: F ¼ 19.09;
Po0.001; ventral view: F ¼ 9.08; Po0.001). In addi-
tion, a regression of the shape (weight matrix) against
centroid size showed statistically significant allometry in
the dorsal views of both males (Wilk’s l ¼ 0.023;
Po0.01) and females (Wilk’s l ¼ 0.26; Po0.01), and
ventral views of both males (Wilk’s l ¼ 0.34; Po0.01)
and females (Wilk’s l ¼ 0.02; Po0.01) of Ar. niloticus.
The localized changes (Fig. 5) in the shape of
Ar. niloticus (males, age class 3) are associated with
the anterior displacement of landmarks 1 and 2 and
backward shifting of landmarks 3 and 4 resulting in the
shortening of the nasal and rostrum, elongation of
frontal region and widening of the braincase. For
females, the changes involve the forward and backward
shifting of landmarks 2 and 3 resulting in the elongation
of nasals and rostrum, the shortening of the frontal
region and narrowing of the braincase.
For males (age class 4), the posterior and anterior
displacements of landmarks 2 and 11, respectively, with
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Fig. 5. Scatter-plots of a canonical variates analysis (CVA) and their associated thin plate splines of the cranium dorsal view of the
African Nile rat, Arvicanthis nioloticus, used to assess the nature and extent of age variation in four tooth-wear classes (3–6) in
separate male and female data. Thin plate splines are presented at 3 magnification while landmark positions are defined and
illustrated in Fig. 1.
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resulted in the elongation of the nasals and the rostrum,
the shortening of the frontal region, and the elongation
of the zygomatic arch. The opposite applies to females
(age class 4) where the posterior displacement of
landmarks 2 and 11 and the forward shifting of
landmarks 6–8 resulted in the elongation of the nasals
and the rostrum, the shortening of the frontal region
and the zygomatic arch.
Localized changes in the shape of males (age classes
5+6) are associated with the posterior and anterior
displacement of landmarks 2 and 11, respectively, and
the forward shifting of landmarks 6–8 resulting in the
elongation of the nasals and rostrum, shortening of the
frontal region, an elongation of the zygomatic arch, anda decrease in the braincase. For females, the posterior
displacement of landmarks 2 and 11, a forward shifting
of landmarks 7 and 8, and the backward shifting of
landmark 6 resulted in the elongation of the nasals and
rostrum, the shortening of the frontal region, the
shortening of the zygomatic arch, and a decrease in
the braincase.
Generally, the splines (Figs. 4 and 5) indicated co-
variation of traits among individuals within a particular
ontogenetic stage (i.e., age class) for each of the two
species. Furthermore, the growth profile of centroid size
(Fig. 6) relative to age in both species at the outset of
post-natal ontogeny showed that the most pronounced
changes in size occurred between age classes 1 and 2 for
Ae. ineptus and age classes 3 and 4 for Ar. niloticus.
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Fig. 6. Growth profiles in the Tete veld rat, Aethomys ineptus
and the African Nile rat, Arvicanthis niloticus showing the
variation in values of centroid size on the different age classes.
Circles correspond to the mean of each category and bars
correspond to 95% confidence intervals.
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Sexual dimorphism
Landmark-based geometric morphometric techni-
ques have been used to address questions relating to
intra-specific variation, particularly with a focus on
morphological shape variation associated with sexual
dimorphism as one of its fundamental components
(see; Hingst-Zaher et al. 2000; Hood 2000). The
utilization of geometric morphometric techniques in
assessing sexual dimorphism in the present study showed
no statistically significant differences between shape and
centroid size in the dorsal and ventral views of the cranium
of Ae. ineptus. These results are similar to those of a
previous linear measurement-based traditional morpho-
metric study that included analysis of variance, percent
sum of squares (%SSQ), and a series of multivariate
statistical procedures (Chimimba and Dippenaar 1994).
However, unlike the results of a previous linear
measurement-based traditional morphometric study
(Abdel-Rahman 2005), the landmark-based geometric
morphometric analyses in the present study revealedstatistically significant sexual dimorphism in the shape
of the dorsal and ventral views of the cranium of
Ar. niloticus. Therefore, the statistically significant
sexual dimorphism in cranial shape within Ar. niloticus
suggests independent evolutionary adaptations for
males and females within the species. Although the
present study showed a lack of sexual dimorphism in
cranial size (centroid size), the two sexes need to be
analysed separately in any subsequent assessments of
cranial shape variation, unlike Fadda and Corti (1998)
who pooled males and females in their subsequent
analyses.
The lack of detection of sexual dimorphism in
Ar. niloticus based on linear cranial measurements in
the study by Abdel-Rahman (2005) highlights that the
imperfect partitioning and separate treatments of shape
and size are a major constraint in traditional morpho-
metrics (Marcus 1990). More importantly, the results in
the present study highlight the importance of a careful
analysis of sexual shape and size dimorphism as it may
otherwise lead to erroneous conclusions on the nature
and extent of geographic variation and the delineation
of taxa, for example the erroneous recognition of two
Nile Valley species of Arvicanthis by Fadda and Corti
(1998).
Based on traditional morphometric and genetic data
(Abdel-Rahman 2005) as well as the taxonomic opinion
of Musser and Carleton (2005), Ar. niloticus and
Ar. testicularis from the Nile Valley are conspecific.
A subsequent geometric morphometric analysis of Nile
Valley populations of Arvicanthis which took into
account the nature and extent of sexual dimorphism
and age variation also confirmed the existence of a single
rather than two species (Abdel-Rahman 2005).
The cranial shape differences between the sexes within
Ar. niloticus revealed by the geometric morphometric
analyses are localized around the rostrum, zygomatic
arch, and braincase region of the cranium (Fig. 3).
It has been reported that multiple genetic and environ-
mental factors may influence cranial size and shape
(Lieberman et al. 2004) and their responses to mastica-
tory loading (Atchley et al. 1992). Males of Ar. niloticus
have longer zygomatic arches with a sharper-angled
leading edge that may possibly allow for greater
masseter muscle attachments (Satoh and Iwaku 2004).
It has been argued that the shape of certain bony
structures can be altered by the atrophy or hypertrophy
of attached muscles (Monteiro et al. 1999). Nevertheless,
other studies reported on associations between sexual
differences and competition between males (Darwin
1874), food resources (Schoener 1967), diet selection
and intake rates (Yamada and Kimmel 1991),
habitat use (Clutton-Brock et al. 1987), growth rates,
and strategies (Zelditch et al. 1992), in addition to
variation in individual reproductive success (Weckerly
1998).
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Although ageing in rodents has received extensive
attention, most studies have been based on traditional
morphometric data where ageing has been based on
numerous debatable criteria (Morris 1972; Pucek and
Lowe 1975). Atchley et al. (1992) reported that muscle
hypertrophy is a heritable but epigenetic factor that
contributes to the modelling of the shape of the
mandible in rodents. However, most biological char-
acteristics of an organism, such as survival, reproduc-
tion and growth, change with age (Ricklefs and Finch
1995; Wickens 1998).
The backward displacement and the forward move-
ment of some landmarks suggest substantial shape
changes (Figs. 4 and 5) that may reflect some phenotypic
plasticity in cranial morphology (Piersma and Drent
2003). Our study suggests that different growth patterns
within the sexes may induce different phenotypic
patterns throughout ontogeny within Ar. niloticus. Our
results revealed that growth trends of male and female
crania are broadly similar as they occurred on the same
zygomatic and nasal shape characteristics with males
having an acute angle (forward shear) and females
having an obtuse angle in this region of the cranium.
This suggests that sexual dimorphism in cranial shape
may be due to natural selection acting independently in
the two sexes throughout growth resulting in opposite
effects (Bronson 1989). For example, females could be
competing for resources necessary to sustain the energy
demands of pregnancy and lactation, while males could
be competing with each other for breeding territories or
mates (Zelditch et al. 1992; Wickens 1998).
Our results indicate statistically significant age-related
differences in cranial morphology in both Ae. ineptus
and Ar. niloticus that mainly included the rostrum, the
zygomatic arch, and the braincase region (Figs. 4 and 5).
Nevertheless, each tooth-wear class is morphologically
distinct both in shape and size, and both species show
strong intra-specific allometry (see Gould 1966).
Furthermore, within A. ineptus, individuals of tooth-
wear classes 1 and 2 represent juveniles; those of tooth-
wear class 3 are probably sub-adults; while those of
tooth-wear classes 4–6 may represent adults. These
tooth-wear class categorizations are similar to those
determined by Chimimba and Dippenaar (1994) based
on traditional morphometric data. On the other hand,
the results for A. niloticus are congruent with those
found by Fadda and Corti (1998) in so far as age
variation is concerned. However, these authors pooled
all age classes in their subsequent analysis of geographic
variation within the species, a decision that may
potentially have led to erroneous conclusions in their
delineation of species.
In addition, it has been reported that different age
classes have different underlying developmental/evolu-tionary characteristics (Cesaroni et al. 1997). For
example, based on ontogenetic patterns of variation
and the intensity of integration in skeletal measurements
of the laboratory rat, Olson and Miller (1958) found
that the level of integration among characters within the
skull and its constituent components varies with age.
Other studies (Zelditch and Carmichael (1989) and the
references there in) also indicate that the skull is not an
unchanging entity but rather is dynamic since muscle
function and local bone growth are modified during
development. Thus, it may be misleading to consider the
mammalian skull merely in terms of adult morphology.
Consequently, natural selection acting upon particular
features of the skull may vary, depending on the age at
which it acts (Zelditch et al. 1992).
In conclusion, our results indicate that morphological
complexities in Ae. ineptus and Ar. niloticus do not only
exist at the inter-specific level, but also at the intra-
specific level. The lack of sexual size dimorphism in
Ar. niloticus does not imply the absence of sexual shape
dimorphism. Therefore, it is suggested that future similar
studies should endeavour to use a range of related
techniques on a taxon-by-taxon basis in order to detect
the nature and extent of non-geographic variation. Our
analyses suggest that if age variation and sexual
dimorphism are not appropriately assessed, preferably
simultaneously, this may lead to erroneous conclusions in
subsequent analyses of geographic variation and the
delineation of taxa. Finally, intra-specific allometry in
Ae. ineptus and Ar. niloticus needs to be tested across
different environmental gradients in order to examine its
possible role as a constraint in cranial evolution.Acknowledgements
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